The ionization production by MeV-GeV particles (mostly galactic cosmic rays) in the lower atmosphere has-well defined variations on a day-to-day time scale related to solar activity, and on the decadal time scale related to the sunspot cycle. New results based on an analysis of 33 years of northern hemisphere meteorological data show clear correlations of winter cyclone intensity (measured as the changes in the area in which vorticity is above a certain threshold) with day-to-day changes in the cosmic ray flux. Similar correlations are also present between winter cyclone intensity, the related storm track latitude shifts, and cosmic ray flux changes on the decadal time scale. These point to a mechanism in which atmospheric electrical processes affect tropospheric thermodynamics, with a requirement for energy amplification by a factor of about 107 and a time scale of hours. A process is hypothesized in which ionization affects the nucleation and/or growth rate of ice crystals in high-level clouds by enhancing the rate of freezing of thermodynamically unstable supercooled water droplets which are known to be present at the tops of high clouds. The electrofreezing increases the flux of ice crystals that can glaciate midlevel clouds. In warm core winter cyclones the consequent release of latent heat intensifies convection and extracts energy from the baroclinic instability to further intensify the cyclone. As a result, the general circulation in winter is affected in a way consistent with observed variations on the interannual/decadal time scale. The effects on particle concentration and size distributions in high-level clouds may also influence circulation via radiative forcing.
INTRODUCTION
The apparent meteorological and climate response to solar variability has been a controversial subject in scientific literature for the past two centuries. More than a thousand papers on the topic have appeared. Bibliographies have been given in the Solar-Terrestrial Physics and Meteorology Working Documents I-IT [ (SCOSTEP, 1975 [ (SCOSTEP, , 1977 [ (SCOSTEP, , 1979 .
Evidence for the apparent responses have been reviewed by Herman and Goldberg [1978a] , the National Research Council [1982] panel, and Taylor [1986] . A series of papers by Labitzke [1987] , Labitzke and van Loon [1988, 1989] , and van Loon and Labitzke [1988] show that the statistical significance of apparent responses of stratospheric and tropospheric temperature and dynamics to the 11-year solar cycle is greatly increased when the data are stratified by the direction (quasibiennial oscillation phase, or QBO phase) of equatorial stratospheric winds. Similar variations with solar cycle and QBO phase have been found for atmospheric electric potential gradient by Marcz [1990] In their studies suggesting a connection between short-term solar variability and intensification of cyclones in the Gulf of Alaska, McDonald and Roberts [1960] and Roberts and Olsen [1973] speculated that a mechanism might involve stratospheric ionization changes, produced by solar particle precipitation, affecting clouds. Dickinson [1975] suggested that changes in cosmic ray fluxes and therefore in stratospheric ionization might affect cloud condensation nuclei and thus affect radiative forcing by high-level clouds. Herman and Goldberg [ 1978b] and Markson and Muir [1980] speculated that changes in conductivity above thunderstorms might affect cloud electrification and thunderstorm thermodynamics. Lethbffdge [1990] showed correlations of thunderstorm activity with cosmic ray flux changes, and she speculated that interaction of ionization with meteoric dust acting as condensation nuclei might be important. The third panel shows changes in the mean latitude of winter storm tracks in the north Atlantic crossing 5øE longitude for latitudes above 50øN [Brown and John, 1979] (updated by John [1989 John [ , 1990 ). The smoothed latitude deviations show a good correlation with sunspot number for six cycles since 1920, and this should be enough to satisfy the criterion of Pittock [1978] It is of interest that these regional temperature changes, associated with changes in circulation, have agricultural and economic consequences far larger than the changes of a few tenths of one degree Celsius of mean global temperature since the beginning of this century that is considered an apparent response to the increase in greenhouse gases. If for no other reason than to reduce the uncertainty in determining global warming trends, it should be considered important to understand the causes of these apparent responses to solar variability.
In this paper we will present new results on the day-to-day time scale of the apparent tropospheric response to the atmospheric flux of MeV-GeV particles. This suggests the need for further consideration of meteorological processes affected by atmospheric ionization. We will discuss in some detail the new hypothesis linking atmospheric ionization and ice nucleation in high-level clouds, that was outlined by Tinsley [1990b Tinsley [ , 1991 . A mechanism for day-to-day responses to MeV-GeV particle flux may or may not be a mechanism for responses on the decadal time scale. But if a mechanism for day-to-day responses can be identified, any consequences for the decadal time scale could be determined by a theoretical study.
CORRELATIONS ON THE DAY-TO-DAY T•ME SCALE
The sudden reduction of MeV-GeV fluxes at the onset of Forbush decreases provides well defined time references (a set of key days) with which to perform superposed epoch analysis of meteorological data in a search for an apparent response. In the present work we have generated a new list of key days for the onset of Forbush decreases, which extends and corrects the previous list. We computed the time derivative of half day average count rates from both the Mount Washington and Climax neutron monitors [NGDC, 1989] . Lists were generated by computer search, of days on which the amplitude of the time derivative was algebraically less than -20 counts/hr/day, after smoothing was performed with a 1:2:1 weighted running mean over 3 half days. Where two events with spacing less than or equal to 4 days were found, then the second was ignored unless it was larger in magnitude by a factor of (1.25) n, where n is the number of half days between them. If so, the second one was used and the first ignored. All traces show an apparent response on and near the key day, except for the VAI in nonwinter months. The particle flux and Ap variations are attributed to the arrival of the disturbed solar wind plasma of the hi•h-speed plasma stream at the Earth. The responsible coronal mass ejections generally occur when a solar active region with enhanced UV emission is facing the Earth; hence the peak in the F10.7 cm index which has a width of about half of the 27-day solar rotation period. For the winter VAI trace the average level of hemispheric vorticity is hi•her than in nonwinter, and the reduction of VAI for 5--10 days starting with the key day (day 0) can be seen to have a similar shape to the reduction in MeV-GeV flux. This is allowing for the internal atmospheric variability, reflected in the VAI variability, which is greater in winter than in summer. The length of the error bars is twice the standard deviation of the mean, which is calculated for the given day (relative to the key day) from the variances from each epoch average.
In Figure 3 the winter events have been subdivided into those with D <-60, and those with -60 <D <-40; corresponding to events for stronger and weaker Forbush decreases respectively. This division is reflected in the excursions in the traces for the neutron monitor counts, and as might be expected, in the Ap and F10.7 cm parameters also.
The VAI reductions starting on the key day (allowing for internal VAI variability)can be seen to be greater for the stronger Forbush decreases, consistent with the concept of an apparent VAI response to MeV-GeV particle flux changes.
In Figure 4 the winter events for D < -40 have been divided into those prior to 1970 and those in 1970 and later. The apparent VAI response starting on the key day can be seen to be present in both halves of the data. Similarly, the results for a subdivision of events into those for November-December and those for January-March (not shown) again resulted in about equal VAI apparent responses in both sets of data. In Figure 5 the same events have been separated into those for which the equatorial stratospherie winds were from the west (west phase of quasi-biennial oscillation, or QBO) and those for winds from the east (east phase QBO). An apparent response to the MeV-GeV particle flux can be seen in both phases, and it is apparenfiy stronger in the east phase.
In Figure much lower, owing to the less dynamic nature of the atmosphere in this zone. While the VAI response to the MeVGeV flux is apparent for the 40ø--65øN zone, it is weak or absent in the low-latitude zone. The fifth trace up is the VAI for the 65 ø--85 øN latitude zone, which represents a small but quite dynamic region of the globe; it too has a weak or absent apparent response to the MeV-GeV flux. The VAI was calculated for eight equal longitude sectors in the mid-latitude 40ø--65øN latitude zone; these being 30øW--75øW, 75øW--120øW, etc. Results for the four predominantly ocean sectors 15øE--30øW, 30øW--75øW, 120øW--165øW, and 165øW--150øE were co-added, as were the remaining four predominantly continental areas. The results are shown in the third and fourth traces up from the bottom. The apparent response of the VAI to the MeV-GeV particle flux can be seen in the ocean sectors, but it is weaker in the continental sectors. . i .... 1 .... i .... I .... i .... i .... i .... i .... i .... i .... i .. MeV-GeV particle fluxes would seem to be the most promising for further research.
As a final piece of data analysis a test was made to see if
There is a tendency in Figures 2--6 for the drop in the VAI at about the time of the key day to start before the cosmic ray flux begins its decrease, suggesting that something other than the cosmic ray flux is causing the drop. There are two aspects to this. The early start of the VAI decrease represents a second-order effect, with integrated effect much more comparable to the noise than the first-order effect of the VAI decrease which lasts about a week, and is correlated in amplitude with the changes in cosmic ray flux. Secondly, it was shown by Wilcox et al. [1973, 1974] . If the cyclone is already relatively intense and has a warm core, then the release of diabatic heat will further intensify it (i.e., deepen the central low), by converting the kinetic energy of the general circulation into eddy kinetic energy. This will not be the case for a weak or cold core cyclone.
The theory has been worked out for balanced (axisymmetric) cyclones; however, it seems likely that similar results will apply to unbalanced warm core cyclones where there is readily available latent and sensible heat. Such is the case for winter cyclones east of the North American and Asian continents, where cold continental air encounters a relatively warm ocean. The deepening of cyclones depends on the degree of baroclinicity, which is strongest in winter. As noted by Tinsley et aL [1989] , a greater frequency of cyclonic disturbances leads to a greater divergence of momentum flux, by a greater generation of waves, including gravity waves, that propagate out of the region. As discussed for example by Hoskins [1983, pp. 190-193] The major questions to be addressed in the chain of instabilities outlined in Figure 8 concern the first steps, that of a possible connection between changes in ice nucleation and initial growth processes on the one hand, and changes in the ambient ionization, or electric fields, or minor chemical species produced by the MeV-GeV particle flux on the other hand. In the following sections we will address aspects of these questions.
CONTEXT OF ICE CRYSTAL NUCLEATION AND GROWTH IN HIGH-LEVEL CLOUDS
The context which appears to be most likely for ice nucleation and growth to millimeter sized crystals, capable of falling out to affect lower level clouds, is the dynamic one of the uplift, cooling, and saturation of moist air. 
DISCUSSION OF LABORATORY EXPERIMENTS
Laboratory experiments relative to the question of an increase in the rate of collection (i.e., of collision and "sticking") of neutral aerosols by charged as compared to neutral raindrops were discussed by Barlow and Latham [1983] . For water drops of radii of from 270 to 600 microns, carrying a relatively large number of elementary charges, the collection efficiencies were found to increase by about two orders of magnitude above rates for uncharged drops. The extent to which the process is effective for smaller drops with smaller charges, and the rates for charged aerosols approaching oppositely charged drops, remains to be determined.
Other laboratory data are relevant to the question of whether nucleation of ice is enhanced by the presence of electric charges or electric fields. Gabarashvili and Glila' [1967] demonstrated that negatively charged crystals of cholesterol or naphthalene in bulk samples of supercooled water nucleated ice at much higher temperatures than uncharged crystals of these substances. Positive charging inhibited the effect. Varshneya [1969] found that ice nucleation occurred along the line of ions produced by irradiation of bulk samples of supercooled water by MeV particles, and he provided a theory for the effect [Varshneya, 1971] . Pruppacher [1973] found that the freezing temperature of supercooled water droplets, 100 to 350 microns radius, was considerably raised when contacted by predominantly negatively charged amorphous sulphur particles which, when uneharged, are known to be poor ice forming nuclei. Nucleation of ice is discussed by Hobbs [1971, chap. 7] . Perfect crystals of substances such as AgI or silica, which have quite good lattice match to ice, are found to be not as efficient nueleators as crystals of the same substances with impurity sites on which ice can form, and on which there is a balance between hydrophilie and hydrophobie sites, and between positive and negative surface charges [Edwards and Evans, 1962; Hamilton et al., 1968] .
Experiments by Doolittle and Vali [1975] approaching the homogeneous ice nucleation temperature of -40øC, ions will similarly decrease the potential energy of any group of molecules that forms an incipient ice embryo, stabilizing it so that it has a greater chance to grow. However, other conditions need also to be met. For vaporliquid nucleation, no particular orientation of the water dipoles is required at the time the ion decreases the potential energy of the embryonic liquid molecular cluster and stabilizes it, but for ice nucleation the dipoles need to be oriented and arranged into the ice configuration. The points on which negative charges reside on the crystals of the complex molecules of cholesterol and naphthalene may provide a suitable complex charge configuration to do so, as would the field structure of impurity sites, crystal dislocations, and regions between hydrophilic and hydrophobic areas on other crystals. Thus if electric charges have significant effects for nucleation with contact or embedded ice nuclei, it may be that not one but several elementary charges are needed, distributing themselves on both the ice nucleus or the water surface, to provide the complex charge distribution. Laminar flow may also be important. Abbas and Latham [1969] discuss a number of experiments from which they infer that freezing of a supercooled droplet can be initiated when the surface is drawn into a liquid filament. Pruppacher [1963] found that a strong electric field produced a movement of supercooled drops on a solid surface that was simultaneous with them freezing. His experiments were interpreted by Loeb [1963] and Abbas and Latham [1969] as support for the importance of simultaneous electric fields and laminar flow in orienting ice embryos and adjacent water molecules to initiate freezing. Such processes may be important in high clouds, when charged supercooled droplets approach aerosols or droplets with induced or opposite charges, and the water flows to form a small neck in the high electric field region between them, as they begin to coalesce. The above processes could be regarded as electrical effects increasing the ice nucleating ability of contact ice nuclei.
Our conclusion regarding laboratory experiments generally is that they are suggestive but not definitive concerning Initially, the droplets in a cloud are most likely to have zero charge, with only a small fraction having a single charge, corresponding to the Boltzmann distribution for the condensation nuclei on which they form. As they grow, they will charge toward a Boltzmann distribution with a higher mean charge at a rate proportional to the ambient ion concentration. In the scenario for ice nucleation discussed by Hobbs and Rangno [1985] the time scales for droplet growth and mixing with ambient air are likely to be short compared to the time for achieving Boltzmann equilibrium, in which case the average charge on the droplets would be proportional to the ambient ion concentration, and thus to the MeV-GeV particle flux. [Dickinson, 1975] . It remains to be evaluated how much of the decadal scale tropospheric variability results from this as compared to the cumulative dynamical consequences of storm intensification. Also, the relative roles of forcing on the decadal time scale by MeV-GeV particles as compared to UV photons remains a major question.
QUANTITATIVE

CONCLUSIONS
New results based on analyses of 33 years of northern hemisphere meteorological data show clear correlations of winter cyclone intensity in mid-latitude oceanic regions with day-to-day changes in the cosmic ray flux, consistent with previously observed correlations on the time scale of the 11-year sunspot cycle. These point to a mechanism in which the MeV-GeV particle precipitation affects tropospheric thermodynamics, with a requirement for energy amplification by a factor of about 107 and a time scale of hours. A process is hypothesized in which ionization affects the nucleation and/or growth rate of ice crystals in high-level clouds, and thus changes the flux of ice crystals that can glaciate midlevel clouds. In warm core winter cyclones the consequent release of latent heat intensifies convection and extracts energy from the baroclinic instability to further intensify the cyclone. As a result, the general circulation in winter is affected in a way consistent with observed variations on the interannual/decadal time scale, although simultaneous effects resulting from UV flux changes have also been postulated. The effects of MeVGeV particle precipitation on the concentration and size distribution of ice crystals and water droplets in high-level clouds may also influence circulation via radiative forcing.
